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The experimental work in this thesis is divided into three parts. In the first 
part, we present measurements of temperature and velocity properties about 
plume in quiescent environment. 
The second part focuses on the onset of the large scale circulation in cylin-
drical cell with a high Prandtl number fluid. W e find that the so-called large-
scale circulation is just organized motion of thermal plumes. The whole tran-
sient process can be divided into four stages. The first one is the generation 
of laminar plumes. The second one sees the motion of plumes evolve from 
straight vertical ones to wavy ones. The third stage is where the symmetry 
breaking occurs and the plumes' motion start to have visible horizontal com-
ponent. The final stage is the formation of the rotational large-scale coherent 
flow. 
In the third part, we investigate the convection in rectangular cell. The 
result shows that there are different flow patterns for different Rayleigh number 
in rectangular cell. And the energetic parts of the flow are concentrated near 
the upper and lower plates for our rectangular cells. W e interpret this with that 
plumes with more power travels longer before they get the terminal velocity. 
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1.1 Rayleigh-Benard System 
1.1.1 Physical Picture 
The Rayleigh-Benard system is a system to study turbulent convection. It 
is a closed container with two parallel plates maintained at a fixed temperature 
difference, within which fluid is filled. 
Since the temperature of the lower plate is higher than the temperature 
of the upper one, the fluid near the lower plate is heated, goes up due to the 
buoyant force. 
From the flow visualization using thermochromic liquid crystals and shad-
owgraph techniques , thermal objects such as plumes, swirls, and waves have 
been recognized [1, 2]. The thermal plume (see image in chapter 2) is a buoyant 
mushroom of hot or cold fluid which erupts from the boundary layers and car-
ries heat across the cell. The swirl is a curling -up extension of the boundary 
layer, and the wave is a result of the plume formation within a mean shear flow. 
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Their nature have been experimentally studied in details and the classification 
is made by their distinction [1,2]. The thermal objects are believed to play 
important roles in turbulent convection. Besides these small-scale structures 
there also exists an overall circular motion that spans the whole convection 
cell. To distinguish it from the small-scale structures, we called it the large 
scale circulation (LSC). 
Inside the convection cell, near the two horizontal plates, there exists a very 
thin layer called the thermal boundary layer, within which heat is transported 
by conduction. This layer arises due to the non-slip boundary condition and 
turbulent mixing in the bulk region. Besides the thermal layers, there are ve-
locity layers lay outside the thermal boundary layers. The two boundary layers 
decay at different rates with increasing Rayleigh number. Several experiments 
showed the possibility of the cross-over of the two layers. 
LSC establishes a connection between the two opposite boundaries. Once 
a thermal plume erupts from the thermal boundary layer, it will be carried to 
the opposite layer by the LSC. 
1.1.2 Characteristic Parameters 
Inside the cell, fluid is purely driven by the temperature gradient which 
is characterised by one of the control parameters of the system: the Rayleigh 
number (Ra), defined as 
(1.1) 
UK 
where a, and k are the coefficients of thermal expansion, kinematic viscosity, 
and thermal diffusivity of the working fluid, respectively; g is the gravitational 
acceleration; A T is the temperature difference across the cell, and L is the 
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height of the cell. T w o other control parameters are the Prandtl number (Pr) 
Pr = ; (1.2) 
and the aspect ratio of the cell: 
lateral size , � 
r = , [i.6) 
The prandtl number is related to the properties of the fluid, while the aspect 
ratio concerns the geometry of the cell. There are two output parameters that 
define the state of turbulence. They are the Nusselt number {Nu) and the 
Reynolds number {Re). The Nusselt number is the dimensionless heat flux, 
which is the ratio of the actual heat flux (J) through the cell divided by the 
heat flux that would be transported if there were only conduction 
Nu = , (1-4) 
X A T / L 
where x is the thermal conductivity, J is defined as 
(1.5) 
where U is the voltage across the heater sandwiched in the lower plate of the 
cell, R is the resistance of the heater, A is the surface area of the lower plate. 
Obviously Nu is unity when heat is transferred only by conduction. 
The Reynolds number is a measure of convection velocity: 
Re=- , (1.6) 
V 
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where u is the velocity of the flow with characteristic length I, which is chosen 
to be the size of the cell (L). 
The convective state depends on the fluid chosen (Pr), the aspect ratio (F) 
of the cell and the temperature difference set between the plates (Ra). With 
these three control parameters, a complex turbulent flow is built up. 
1.2 Plume and Large Scale Circulation 
Thermal plume is generally regarded as mushroom-like object consisting of 
a cap with sharp temperature gradient and a stem that is relatively diffusive. A 
good example of plume phenomenon is that the movement of plumes in mantle 
causes the outbreak of volcano, and the thinner tail is held to be responsible for 
long-lived volcanic hot spots, such as those in Hawaii and Iceland. The study of 
thermal plumes will provide us not only insight into the nonlinear dynamics [3], 
but will also help us understand a wide range of natural phenomena with 
important applications [4，5]. For instance, Davies [4] identifies the rise of hot 
buoyant plumes in the mantle as a largely independent mode of convection, 
where Pr is very large (infinite) but Ra is of the order of 10^ or so. Raylaigh-
Benard cell is a simple and easily-controlled system to study both. As the 
main ingredient of the Rayleigh-Benard convection, plume is one of the most 
important coherent objects in turbulent thermal convection systems and there 
is more and more evidences showing that plumes are mainly responsible for 
transporting heat and driving the flow in the convective system [3 . 
However little is known about how plumes are modified by the turbulent 
flow, how they react back to the flow field, and how plumes interact with each 
other in a turbulent environment. There are many studies on their properties 
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(see reference). But most of the experimental studies are focused on plumes 
in a quiescent or laminar flow environment and those on plumes in turbulent 
convection are largely restricted to visualization and shadowgraphs, which by 
the nature of the techniques used are qualitative or semi-quantitative [6-11 . 
Libchaber and coworkers [2,12] are among the few who have experimentally 
studied the properties of laminar plumes in a very quantitative and detailed 
way. Among other things, they have investigated the scaling properties of the 
shape and rising velocity of the plumes. They also did some preliminary study 
on the interaction of the laminar plumes. More recently, Qiu and Tong [13 
have shown evidence that plumes in turbulent convection may combine to 
form 'composite plumes' so that they will have longer lifetime to traverse 
the cell. But again, no detailed statistical characterization of their properties 
was made. In this thesis we investigate velocity properties of single plume 
using PIV technique. By using PIV technique, we could obtain not only more 
precisely result of the velocity measurement, also vorticity field and other more 
important quantities in plume dynamics could be obtained. At the same time, 
temperature properties of single plume was also studied. 
A distinct feature of turbulent thermal convection in a closed box is a 
large-scale mean flow, or "wind", that spans the height of the box and takes a 
single circular structure (at least in aspect-ratio one boxes). Since its discov-
ery by Krishnamurti and Howard [14] through flow visualization, this so-called 
large-scale circulation (LSC) has been studied extensively. It is now generally 
believed that this LSC is driven or "fed" interactively by the rising and falling 
thermal plumes that are generated in the convection cell's top and bottom 
plates. For example, Kadanoff [3] likened the turbulent motion in the con-
vection box as a machine and described the thermal plumes as both motors 
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and heat pumps that drive the central bulk fluid (the flywheel) and trans-
port heat across the box. A more detailed description has been given by Qiu 
and Tong [15], who observed that the hot and cold plumes are sheared and 
swept horizontally by the large-scale flow near the conducting plates. These 
plumes, via their buoyancy, in turn shear and drive the large-scale flow in a 
synchronized way when they rise and fall along the opposite side walls, thus 
providing a self-feeding mechanism. In fact the idea that thermal plumes and 
the large-scale flow work together in a concerted fashion in the convective flow 
has been recognized for a long time by several groups. For example, through 
semi-quantitative observation and estimations, Krishnamurti and Howard [14 
have suggested that the LSC is driven by Reynolds stress associated with the 
tilting of plumes. In a later study, Zocchi, Moses and Libchaber [1], using 
t her m o chromic liquid crystal microspheres, studied the life-cycle of plumes 
and thernials，i.e.how they rise and fall in the cell in a synchronized fashion 
and interact with the flow field. There also exists a large number of quan-
titative measurements on the various properties of the LSC, for example the 
velocity profile, the viscous boundary layer thickness, and the characteristic 
velocity's scaling with both the Rayleigh number and the Prandtl number. 
For more information, see the recent review by Chavanne, Chilla, Chabaud, 
Castaing and Hebral [16]. However, despite the large number of rather com-
prehensive studies on the various properties of LSC, there appears to be no 
investigation reported in the literature about the transient behavior of the 
flow before it reaches the steady state, or the genesis of the large-scale flow 
and what made the plumes to tilt and then participate and drive the mean 
flow in the first place. In other words, did the plumes initiate the flow first or 
the flow swept the plumes horizontally first? After all, intuition would tell us 
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that, under the influence of buoyant force, the plumes should move vertically 
rather than horizontally. Except the apparently irregular directional reversals 
that seem to happen in certain cell geometries and/or fluid systems (see, for 
example, Niemela, Skrbek, Sreenivasan and Donnelly [17]), a distinct char-
acteristic of the large-scale mean flow is that it circulates in a unidirectional 
manner. This unidirectionness is generally regarded as a manifestation of a 
certain symmetry-breaking, since assuming the cell to be perfect, no direction 
should be preferred over the others a prior. Indeed, it is sometimes suggested 
that the symmetry-breaking may be caused by the small imperfections in the 
cell or by the experimenter's inability to level the cell perfectly, but, to our 
knowledge, no systematic investigation has been made with regard to what 
determines the direction of the LSC. In this thesis, we carried on an experi-
mental study on the onset of the large-scale coherent flow in turbulent thermal 
convection through shadowgraph visualization and velocity field measurement 
using PIV. W e attempt to address the two inter-related questions raised above, 
i.e. (1) of the horizontal motion of the plumes and the LSC, which one comes 
first, and (2) how the direction of the LSC is determined. 
7 
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Experimental Setup and 
Techniques 
In this chapter, we describe the details of the apparatus and the experi-
mental techniques used in our experiments. 
2.1 Apparatus 
2.1.1 Convection Cell 
The whole experimental setup includes the convection cell, power supply, 
refrigerated circulator, heater, and temperature probes. 
Two types of convection cells were used in the experiments for different 
purposes. One is cylindrical and the other is rectangular. 
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Cylindrical Cell 
The cylindrical cell (see Fig 2.1) itself is a vertical cylinder made of glass 
with its inner diameter, height and thickness being 19 cm, 19.6 cm and 0.5 cm, 
respectively. The upper and the lower plates are made of copper for its good 
thermal conductivity ( 400 W/mK)^ their surfaces are plated with gold to 
provide a smooth surface and to prevent oxidation. Rubber 0-rings are placed 
between the plates and the cylinder to avoid fluid leakage. There is a stainless 
steel chamber above the upper copper plate, the choice of stainless steel is to 
reduce heat exchange with the surrounding in comparison with the copper. 
The water chamber is connected to a refrigerated circulator by four nozzles, 
water flows into the chamber by two nozzles in opposite directions and leaves 
from the other two nozzles perpendicular to the inlets. In order to maintain 
the uniformity in temperature in the upper plate, three-curved stainless steel 
blades are fixed at the axle of the chamber. With this arrangement the blades 
are rotating due to the push of the incoming water, which would stir the water 
in the chamber. A filling stem is located at the center of the copper plate and 
cross the water chamber, which is used to fill working fluid and to operate 
temperature probe in the cell. 
T w o film heaters (round Silicon rubber heater SRFR-7/10 Omega Engi-
neering Inc. ) are used to heat the lower plate. They are sandwiched between 
the lower copper plate and a stainless plate. Each of the heaters has the 
maximum heating power density of 10 Wjiv? with diameter of 7 inches. The 
top and bottom plates are assembled with six pairs of stainless steel posts 
separated by a Teflon rod between each pair as shown in Fig 2.1. 
The temperature difference A T between the two plates is measured by 
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four thermistors (see below for detail) embedded inside the plates. The two 
thermistors at the top plate are at about one third radius from the edge at 
opposite positions, and the two at the bottom plate are placed at the center 
and the half-radius position, respectively. To keep good contact between the 
the plates and the thermistors, the heat transfer compound (HTClOs, Elec-
trolube Limited) is filled in the holes before the the thermistor were inserted. 
It was found that the measured relative temperature difference between the 
two thermistors in the same plate were less than 1% for both plates at all Ra. 
This indicates that the temperature was uniform across the horizontal plates. 
stirring blade | p*-^ ^ 
thermistor — I • T "T- ^^j-J t — ~ 
top plate 
stainless steel post ~ > 
；：：•； 
Teflon rod  
Plexiglas tube ——| 
LJl bottom plate 
I • U _ 
heater ——» 二： ; : : :： 
Figure 2.1: A schematic drawing of the cylindrical cell used in the experiment 
(adapted from Zhou Shengqi's thesis). 
Rectangular Cell 
The experimental results from cylindrical cell could be conveniently com-
pared with the previous literatures because many experiments were carried out 
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in this type of cell. However, the curved sidewall undoubtedly deforms light, 
and the deformation induces trouble not only in the velocity measurement , 
but also in the visualization like shadowgraph. As mentioned in Chapter 1, 
LSC is the main flow structure in the thermal convection , but its moving 
direction is oscillating in the cylindrical cell [15,18], which leads to difficulty 
in observing its individual behavior. So we setup a new rectangular cell. As 
shown in Fig 2.2. Two aspect ratio (F) rectangular cells were used in our 
experiment, the r : 1 rectangular cell is 12 x 3 x 12 cm^ in length, width and 
height respectively, and 2 cm in thickness; the F = 2 cell is 12 x 3 x 6 cm^ in 
length, width and height respectively, and 2 cm in thickness. Similar with the 
construction of the cylindrical cell, the upper and the lower plates are made of 
copper and their surfaces are electroplated first with Nickel then Chromium. 
A water chamber is constructed inside the stainless cover, which is attached 
to the top of the upper plate. There are two nozzles located at the end of 
the narrow edge, a refrigerated circulator is connected to the chamber through 
these two nozzles. Water is pumped into the chamber through one nozzle, 
circulated within the chamber, then go out from the other nozzle. Thus the 
uniform temperature at the upper plate is achieved. A rectangular film heater 
is sandwiched between the lower copper plate and a stainless steel plate to 
heat the fluid inside the convection cell. The material of the cell is Plexiglas 
when the working fluid is water, and glass when the working fluid is chemical 
(glass is more stable and will not be eroded by the chemical used). 
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Top plate Inlet and outlet nozzles \ 0 
I Teflon rod 
Thermistors I | 
\ ^ P I 一 
� I ^ ^ , ~ ~ ^ ^ ^ Bottom plate 
Figure 2.2: A schematic drawing of the rectangular cell used in the experiment. 
2.1.2 Other Apparatus 
The thermometer used to monitor temperature is called thermistor. Ther-
mistor is thermally sensitive semiconductor, it offers mechanical, thermal and 
electrical stability, together with a high degree of sensitivity. Since the resistance-
temperature curve of the thermistor is known in advance, a temperature could 
be obtained by measuring the resistance. Two types of thermistors were used 
in our experiment. The relatively big one with 2 mm in diameter (44006, 
Omega Engineering, Inc) used to monitor the temperature of the top and 
bottom plates of the convection cell (two for top plate and two for bottom 
plate), another more accurate thermistor with a diameter of 200 fim (AB6E3-
B10KA103J, Thermometries) which is used to measure the temperature fluc-
tuation within the cell for its small dimension (it is smaller than the dimension 
of thermal plumes so that they do not pertub the flow significantly). For more 
precise measurements, each thermistor was calibrated to an accuracy of better 
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than 1 mK in advance. The calibration was done inside a well-mixed water 
bath, whose temperature was controlled by a precisely temperature controller 
(PTC-41, Tronac, Inc). The resistance of the thermistor was measured with 
a digital multimeter (Model 2010, Keithley Instruments, Inc); it was then 
converted to temperature by the equation proposed by Steinhart and Hart: 
• = a + 6(lni?)+c(lni^)2 + fi(ln_R)3 (2.1) 
where a, b, c and d are the fitting parameters to be determined. Fig 2.3 
shows a typical calibration curve of the thermistors. 
350 r — I ! ~ I ~ I I ~ I ” r = r ~ T ~ I ~ I “ I ~ I ~ I ~ I I ~ I ~ I ~ I I ~ I ” I I I . 
340 7 % 
330 - % •： 
^ ： \ : 
[2” \ 1 
g 310 : -
一 2 9 0 j 
280 7 -
_ -
270 卜 _ I _ • I • • • I I • I • • I • • • •_I__I__I_I_I—I 
0 5000 10000 15000 20000 25000 
Resistance (Ohm) 
Figure 2.3: A typical calibration curve of a thermistor. 
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To power supply . Glass container 
Fresnel lens ^ / 
y^V / / \ 丄 / 
^ 11 Ir / 
/ / y / ^ / CCD Camera 
v 
Figure 2.4: Shadowgraph system for single plume. 
2.2 Visualization 
From the process through which people understand our world, qualitative 
knowledge is always before precise measurements and abstract theories. In 
fluid mechanics, visualization is a very important tool to study the structure 
of fluid flow qualitatively. Shadowgraph may be the most simple one in terms 
of materials required. 
A diagram of shadowgraph system in our study of plume properties is 
shown in Fig 2.4. 
Two covered glass containers are used in the experiment for the shadow-
graph and PIV measurement of plume. One is the small one with length 
25.4 cm, width 10.7 cm and height 18.0 cm, the other is the larger one which 
is 40.5 cm long, 30.5 cm wide and 30.5 cm high. 
Heaters used to produce plume are commercially available resistors with di-
ameter: 2.3 mm, 3.8 mm, 4.4 m m , and length:6.7 mm and 10.0 mm. Directly 
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putting the heater into the water to produce plume will result in a electrol-
ysis of water, so before the experiment we always immersed resistor with the 
connect wires into insulating oil to get the heater insulated. Then the heater 
is connected to the power supply, which is a regulated direct current power 
supply (GPS-3030, Good Will Instrument Co., Ltd. )• In the experiment the 
power supply was remotely controlled by program. The remotely control of 
the power supply and the collecting of data from the thermistor were both 
done by a 12-bit A / D data acquisition board (AT-MIO-16E-10, National In-
strument) via ashielded I/O connector block (SCB-68, National Instrument) 
using Lab V I E W ® program. 
The light source for shadowgraph is a white light from a Fiber Optics Light 
Source. The light firstly passes through a pinhole in order to produce a point 
light source . After the light passes the Fresnel lens (Edmund Sentific), a 
collimating light is obtained to shine through the whole container. Near the 
heater the fluid was heated and a temperature gradient was produced, since the 
heat could not be transported only by the conduction, the hotter fluid, which 
is less dense, will rise and the front will push aside the cold fluid above, the 
front itself is reflected, then a mushroom-like structure was produced (Fig 2.5), 
it is called plume. Due to the temperature gradient produced inhomogeneities 
in refractive index, light is less bent after passing the plume, so on the other 
end of the container, the image of the plume (the shadow) was seen on a screen 
made by the oil-paper. The picture then was captured with a C C D camera 
placed behind the screen, and recorded on videotape. 
Figs 2.5 and 2.6 show shadowgraph pictures taken with a digital camera 
(the capture direction is rotated 90°). The dark line hanged from above is 
the thermistor (Fig 2.6), which was put in the path of the ascending plume to 
15 
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Figure 2.5: A typical laminar plume produced in water with input power 
measure the temperature distribution of a plume. 
W e also made the shadowgraph of high Prandtl number flow in cylindrical 
cell [19] and lower Prandtl number flow in rectangular cell. To prevent the 
distortion of image due to the curvature of the cell wall, a rectangular shaped 
jacket made of glass is fitted to the outside of the cell wall (see Fig 2.7). 
The jacket is then filled with the same convecting fluid as in the cell. This 
greatly reduced the distortion effect. Because the presence of the jacket, the 
viewing area is a bit smaller than the cell size so that the boundary layer 
region cannot be viewed in the shadowgraph, while in the PIV measurement 
we capture the images of particles in the mid-plane of the cylindrical cell, the 
whole plane including the boundaries could be captured. In this arrangement, 
the top and bottom plates were clamped by a stainless steel frame instead of 
six pairs of posts due to the additional glued jacket. The working fluid used in 
the experiment is Dipropylene Glycol (99 % purity, from Acros Organics, Ltd). 
This fluid is chosen mainly because its index of refraction has a relatively strong 
temperature dependence and thus is able to produce a large shadowgraphic 
contrast as compared to fluids such as water; its transparency and non-toxicity 
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Figure 2.6: Laminar plume produced in water with input power 4:.9W captured 
90。as compared to Fig 2.5. 
are also important considerations. The Rayleigh and Prandtl numbers are 
calculated based on recently published properties of the fluids [20, 21]. Fig 2.8 
is a typical shadowgraph picture of the cylindrical cell. 
2.3 PIV technique 
Obviously the most important quantity to be measured in most flows is 
the fluid velocity. There are many kinds of velocity anemometers, such as 
Pitot tube, hot-wire anemometer, and laser-Doppler anemometer. Pitot tubes 
have been most widely used in air, where they can measure speeds from about 
1 ms—i upwards. With great difficulty they can be used in water to measure 
speed down to about 3 cms~^ [22]. Hot-wire anemometer is an electrically 
heated wire, which is put in the flow when measurement is carrying out. It 
is cooled by the flow, and the velocity is obtained by measuring the cooling 
rate of the hot-wire. One of the disadvantages of this anemometer is that it 
is intrusive. Also difficulty arises when the velocity measurement is in the 
17 
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Figure 2.7: The cylindrical cell with jacket for visualization( modified from 
L a m Sill's thesis). 
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Figure 2.8: A typical shadowgraph picture for cylindrical cell, working fluid is 
dipropylene glycol. (Adapted from Lam Siu's thesis [19]). 
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presence of temperature variations, to which a hot-wire probe is also sensitive. 
The laser-Doppler anemometer measures velocity by measuring the Doppler 
shift of light scattered within the moving fluid. The scattering centers are tiny 
particles of dust, small enough that they are always moving effectively with 
the instantaneous fluid velocity. Like hot-wire anemometers, laser-Doppler 
ones respond to rapid fluctuations in the velocity and thus can be used to 
study the details of transitional and turbulent flows. It is appropriate for long 
time, single point, high data rate measurement. 
Though there are different kinds of velocity measuring methods, as men-
tioned above, and visualization techniques, none of them can provide instanta-
neous velocity field. The new approach with particle image velocimetry (PIV) 
has shown promise in the measurement of velocity fields. In recent years, PIV 
has been used extensively in fluid flow research. The arrangement of a typical 
2-D PIV system is given in Fig 2.9. 
The fundamental principle is simple. Tracer particles are added to the 
flow. These particles are illuminated in a plane of the flow at least twice 
within a short time interval. The light scattered by the particles are recorded 
either on a single frame or a sequence of frames (we use the latter in our 
experiment). The displacement of the particle images Ax and Ay between the 
light pulses and also the time interval between the light pulses are measured, 
as shown in Fig 2.10. The displacement is small enough so that Ax/At is a 
good approximation of velocity of u. That is, the trajectory is nearly straight 
and the speed along the trajectory is nearly constant. These conditions were 
achieved by choosing At to be small compared to the Taylor micro-scale of the 
Lagrangian velocity field. Before going to details of the PIV technique, some 
obvious features of this technique can be obtained, they are 
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Figure 2.9: Experimental setup for the PIV experiments. 
• Nonintmsive 
• Indirect 
• Whole field 
• Large velocity range 
The procedure of typical PIV experiment is indicated in Fig 2.11. It is 
comprised of two main steps: one is the image capture and the other is image 
analysis. The Following is a discussion about these two steps. 
2.3.1 Image Capture System 
A n image capture system should include a C C D camera, two pulse lasers, 
a synchronizer, and a computer in which an image capture card and a software 
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Figure 2.11: Procedure of PIV experiment. 
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for calculation is installed. 
C C D camera is used to capture images and transfer the digital images to 
computer hard-disk for calculation.Pulse lasers are to illuminate the plane we 
want to measure. C C D camera and lasers are controlled by the synchronizer, 
and the computer is used to control all the hardware: the C C D , the synchro-
nizer and the image capture card. If the images of particle 1 at ti and 力2 (see 
Fig 2.10) are recorded in one frame, directional ambiguity is emerged. So ad-
ditional image shift device is used to resolve this problem [23] • The directional 
ambiguity in a flow field can also be resolved when the images are captured into 
two video frames. Since the sequence of the frames is known in advance, the 
cross-correlation analysis scheme can be applied to the image frames to obtain 
the correct velocity magnitude as well as the direction. This also makes the 
measurement easier without the additional image shift device arrangement. 
In practice, the frame rate of the image capture hardware restricts the 
range of velocity to be measured. If the frame rate is too slow, the particles in 
a interrogation at ti will go out of this interrogation at 力2- Due to the limited 
data transfer speed, the typical frame rate (tens of miliseconds) of current 
available C C D is too slow for a majority of flow applications. However frame 
straddle technique has been attempted to shorten the pulse separation (dT) 
on two video frames to increase the velocity range. Fig 2.12 is the timing 
diagram of the C C D ( PIVCAM13-8 ) used in frame straddle mode. As in 
the figure, the first laser pulse is located as close as possible at the end of one 
video frame and the second pulse at the beginning of the next frame. Thus 
the time interval between two frame videos (essentially dT) can be reduced to 
the order of tens of fis. The complex timing of frame straddle are carried out 
by the synchronizer (Model 610032 L A S E R P U L S E Synchronizer, TSI). In our 
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experiments dT can range from tens of (is to about 60 ms for PIVCAM13-8, 
so different velocity can be measured by conveniently adjusting of dT. The 
most important parameter needed to define for every experiment is dT [24]. It 
determines the separation time between the two images. A suitable dT should 
be defined such that the displacement of the two particle images will be about 
1/4 of the interrogation window. 
M One period of measurement • 
K Data transfer time for Data transfer time for 
frame 1 (about 125 ms) + frame 2 (125 ms) 
Frame 1 „ ， Frame 2 
(255 (125 ms)  
^ / Pulse 1 
Camera ~ ^ ^ -i 
Laser — 
Pulse delay Pulse Pulse 2 
(-default 250 us ) separation 
Figure 2.12: Timing diagram of the frame straddle technique for the C C D 
PIVCAM13-8. 
CCD Camera 
Two types of C C D cameras were used in our experiment, one is the PIVCAM13-
8 and the other is P I V C A M 10-30, the specifications of these two cameras are 
listed in Table (2.1). 
Laser 
Lasers are used in PIV experiment because of their ability to emit monochro-
matic light with high energy density, which can easily be bundled into thin 
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Table 2.1: Specification of the C C D Camera P I V C A M 13-8 . 
Name Resolution (pixels) Intensity dynamic Frame Rate 
Range (bit) (frames/second) 
PIVCAM13-8 1280 x 1028 12 8 
PIVCAMlQ-30 1024 x 1024 8 30 
Table 2.2: Specification of the Laser used • 
- Type Nd:YAG (New Wave) 
Wavelength 532nm  
Energy 12QmJ  
Pulse width 3 — 5ns  
Beam Divergence > Imrad 
light sheets for illuminating and recording the tracer particles without chro-
matic aberrations. The specification of the lasers we used are listed in Table 
(2.2). In our experiment several cylindrical concave lens are used to get a thin 
light sheet (see Fig 2.9). 
Particle 
W e call PIV an indirect velocity measurement method, because in fact 
we measure the velocity of the particles instead of the fluid itself. So fluid 
mechanical properties of the particles have to be checked in order to avoid 
significant discrepancies between fluid and particle motion. 
A primary source of error comes from the gravitational force if the density 
of the particle is not the same as the fluid. The gravitational induced velocity 
Ug is given Equation (2.2) [23； 
Ug = , (2-2) 
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where g is the acceleration due to gravity, fj, is the dynamic viscosity of the 
fluid, and dp is the diameter of the particle. From Equation2.2 the Ug in our 
system (water is the working fluid) was calculated to be 3.85 x 10—6 m/s, 
compared with the typical velocity of our system 1 cm/s, the error is about 
3.85 X 10—4, obviously the error is negligible. 
In analog to Equation2.2, the fluid acceleration induced velocity is given in 
Equation2.3 
Ui = U p - U = d f ~ ^ a , (2.3) 
where Up is the particle velocity and U is the fluid velocity. Fome this equation 
we could get a quantity named relaxation time 
- =趕 V ， （2.4) 
which is a convenient measurement for the tendency of particles to attain 
velocity equilibrium with the fluid, r^  is 0.385 fis, while dT we used is about 
tens of ms and the time interval between each images pair {2/framerate) is 
about 0.45 s. Therefore the measured velocity is very accurate. 
The particle used are the Seradyn Uniform Microparticles with diameter 
11.9 frni and density 1.05 g/ml. The particles are suspended in deionized water 
with weight percentage 10% when they are bought. When the working fluid is 
dipropylene glycol hollow glass particles (Glass-Bead Hollow 8-12 imi, density 
1.08 g/ml, TSI) is used to avoid the chemical reaction between dipropylene 
glycol and polystyrene particles. In the experiments, we diluted the suspension 
to 2% or 0.5%, then used a little syringe to inject several ml to the cell. Before 
taking data, we always wait for a time long enough for the particle to equili-
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brate with the working fluid. The particle seeding density (the volume ratio 
between the particles and the working fluid) in the experiment was calculated 
to be about 2 x 10-6. 
2.3.2 Image Analysis system 
Data Evaluation 
There are three types of analysis method according the seeding density 
of the particles. W h e n the particle seeding density is low enough that the 
individual particle images could be detected, while the images of the same 
particles could also be identified, a tracking method is used to evaluate the ve-
locity field, this situation is known as "particle tracking velocimetry" (PTV). 
W h e n the seeding density is larger, the individual particle images could be 
detected, but the images of the same particle could not be identified by vi-
sual inspection. Thus, a statistical method is used to determine the particle 
displacement. In the case of higher particle density it is not even possible to 
detect individual images as they overlap in most cases and form speckles. This 
is called "laser speckle velocimetry" (LSV). The analysis method of the latter 
two are the same [23]. They are P T V , PIV and LSV. In the PIV regime, the 
seeding density of the particles is too homogeneous (Fig 2.13)that it is difficult 
to match up discrete particles, and we could not identify the same particle 
in frame 1 and frame 2 as in Fig 2.10, thus the method used there known 
as particle tracking does not work any more. A statistical analysis method 
is used to solve this problem. The recorded images are divided into small 
regions called interrogation regions (see Fig 2.14), then a cross-correlation al-
gorithm [25] is carried out on the particle images within each interrogation to 
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determine particle displacement (the formula is given in Equation2.5), where I 
and I' are intensity values extracted from the images. Essentially the template 
I is linearly shifted around in the sample I' , for each choice of sample shift 
(x, y), the sum of the products of all overlapping pixel intensities produces 
one cross-correlation value R(x, y). By applying this operation for a range 
of shifts ( - M < X < + M , —N < y < +N) a correlation plane of the size 
(2M + 1) X (2N + 1) is formed(for our 32 x 32 interrogation M = N = 16). 
For a shift value at which the samples' particle images align with each other, 
the sum of the products of pixel intensities will be larger than elsewhere, re-
sulting in a high cross-correlation value R at that position. Essentially the 
cross-correlation function statistically measures the degree of match between 
the two samples for a given shift. The highest value in the correlation plane 
can then be used as a direct estimate of the particle image displacement [23 . 
So Each images pair will yield a field of linear displacement vectors where each 
vector is obtained by the cross-correlation analysis of the corresponding inter-
rogation. Particle displacement and dT are then used to compute the particle 
velocity representing each interrogation region 
K L 
R{x, y)=Y.J2 i(z，胸 + $，"• + ?/). (2-5) 
i=-K j=—L 
Data validation 
After evaluation of the PIV recordings a certain number of incorrectly 
determined velocity vectors can be found. The raw flow field data have to be 
validated to detect the incorrect one. A lot of algorithms are developed. In 
our system global standard deviation filter, global range filter, local median 
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Figure 2.13: Image of particles, the contrast is enhanced for clarity. 
MHH H^^B 
• • 
Figure 2.14: The image in a interrogation (32 x 32 pixels) . The left one is the 
image in frame 1 and the right one is the image in frame 2, the green arrow is 
the calculated vector in this interrogation. 
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filter, local mean filter and smooth filter are available [25 . 
The global standard deviation filter uses the vector field global mean and 
standard deviation values to remove outlying velocity values. The global range 
filter is used to remove vector with values outside the set range. The local me-
dian filter compares each velocity vector to the median value of the surrounding 
neighboring vectors. The local mean filter computes the simple average U and 
V velocity components of the vectors surrounding a point. Local median filter 
was used in our experiment for it is better for our system. 
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Properties of Laminar Plume 
3.1 Shadowgraph and Temperature measure-
ment 
W e begin with the shadowgraph of the single plume (Fig 3.1). The setup 
is described in Fig 2.4. To measure the temperature distribution of a plume, a 
thermistor is placed at the symmetrical axis of the plume. Fig 3.2 is a typical 
temperature distribution of a single plume. 
Figs 2.5 and 2.6 are the shadowgraphs of the plume in different angle (ro-
tated 90。). The shapes are not the same. This may be due to the geometry of 
the heater. 
Recently Zhou [26]developed a criterion to identify and extract thermal 
plumes from measured temperature time series in turbulent convection. In his 
method the cliff-ramp signal is identified as a plume, the cap width {w) and 
amplitude {A) of plumes were extracted (see Fig 3.2). The product of w and 
A was thought to be "size of plume" or "plume intensity". The probability 
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Figure 3.1: Shadowgraph image of a rising plume in Dipropylene Glycol. The 
thermistor (not to scale) is placed at the symmetrical axis of the plume. The 
width of the stem is measured to be 0.7 cm. The co-ordinate system con-
structed here will be used for all the shadowgraph and PIV images following. 
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Figure 3.2: A typical temperature distribution of a plume with power input 
22W. w and A are the cap width and the amplitude of the plume. 
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Figure 3.3: A typical temperature distribution of a plume with power input 
2.3W. The shaded region is defined as the "plume area" of the plume. 
distribution of wA was found to be log-normal. For laminar plumes with 
different power, we found that the relation between wA and plume power 
is about linear. W e also tried other quantities such as: "half plume area", 
"plume area" • "Plume area" is actually an integration of temperature of a 
plume along the time axis, as indicated in Fig 3.3. Similarly, "half plume 
area" is also an integration of temperature of a plume along the time axis, but 
the integral range is only the the time length of cap-width. It appears that 
the "plume area" is more appropriate to identify laminar plumes, because the 
plot of that and power gives out a straight line ((a) of Fig 3.4). And it is true 
for different working fluids. Then we scale the “plume area" with coefficient 
of thermal expansion, find the plotting of scaled plume area against plume 
power of three fluids give almost identical slopes ((b) of Fig 3.4). The reason 
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for choosing coefficient of thermal expansion to scale the plume area is the 
following. Since only the fluid near the heater is heated and goes up, we can 
assume the volume of the fluid parcel which is heated by the heater is equal 
in volume for different fluids. With the arising of the plume the fluid parcel is 
expanded, and the larger the coefficient of the thermal expansion the longer 
for the fluid parcel passing the thermistor. So for the some power given to the 
heater, the plume area is larger for the fluid with larger coefficient of thermal 
expansion.The result may imply a universal law. The results suggested that 
the plumes in convection cell are more complicated than the laminar ones. One 
thing should be emphasized here is that it is very difficult to put the thermistor 
right at the symmetrical axis of the plume. So at first when we , having no 
experience at the time, measured the temperature of plume in dipropylene 
glycol, the thermistor was put a little distance away from the symmetrical axis 
of the plume, which results in a decrease of the "plume area" of plume for each 
power and the fitted line does not go through the origin. 
W e calculated the cap-width for plume for different power, found that it 
decays exponentially with plume power (only in the initial part)，is not inde-
pendent of "plume intensity" (power for our system) as in convection cell [26 . 
It is expected that the thickness of cap is nearly equal to the thermal bound-
ary layer thickness [27]. However the cap-width we obtained here is in time 
scale, Taylor's hypothesis must be applied when transfer them into spatial 
scales. With the cap-width obtained here and the velocity obtained from our 
PIV measurement of laminar plume, we find that the cap thickness is about 
0.9 cm. The result is compatible with the result (0.6 cm) obtained by Lui and 
Xia [18:. 
By varying the distance between the heater and thermistor that is placed 
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Figure 3.4: (a): "Plume area" against power given to the heater for different 
fluids, square for water and circle for triethylene glycol; (b): Re-plot of (a) 
except that the "Plume area" is scaled by coefficient of thermal expansion (a) 
of each fluid at room temperature. 
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above and in the ascending path of the plume, the Plume area of plume as a 
function of travelling distance is obtained. As shown in Fig 3.5 the "plume 
area" of plume decays exponentially in the initial part. 
3.2 Velocity Measurement 
The previous works studying the velocity of laminar plumes are mainly 
qualitative or semi-quantitive. Velocities there are obtained by measuring the 
position of the plume front as a function of time [2,9,11]. As mentioned 
in Chapter 2, PIV is a whole-field velocity measuring technique. Using PIV 
technique, the whole velocity field as well as the whole vorticity field of the 
plume could be obtained conveniently. Acceleration field could also be obtained 
from the result of velocity difference divided by the time interval of the two 
consecutive measurements. The quantities mentioned above are all important 
ones to study the dynamics of plume and plume-plume interactions. 
Velocity field of single laminar plume was measured using PIV technique, 
the arrangement of the measurement is shown in Fig 3.6. Fig 3.7 shows the 
measured velocity field of single plume. In this experiment, water is used as the 
working fluid. The heater (cylindrical resistor) used is 4.1 mm in diameter and 
12 mm in length. In the experiments we used a Lab View program to remotely 
control the power supply (GPS-3030, Good Will Instrument Co., Ltd.) through 
the D A Q board (AT-MIO-16E-10, National Instrument). The power given to 
the plume is simply the ohmic heating of the resistance p = U'^/R. The PIV 
measurement is started instantaneously with the switch-on of the power supply, 
and both stopped after the cap of the plume goes out of the view area of the 
C C D camera. Thus it is guaranteed that we record enough long time of plume 
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Figure 3.5: The "plume area" of plume as a function of travelling distance, (a) 
is the linear plot and (b) is the semi-log plot. The working fluid is Dipropylene 
glycol. 
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Figure 3.6: Schematically diagram of PIV measurement of single plume, the 
light sheet is thicker for clearfying. 
evolution. 
Since plume with different power has different velocity, the heating time as 
well as the PIV measurement time is set from 40 5 to 60 s for plumes with 
different power. 
As indicated in Fig 3.8, as the plume rises, its size is also increased. The 
width of the developed plume cap is about 1.4 cm. It is almost the same for 
all plumes with different power. The width of a developed plume cap of the 
plumes in convection cell at the early stage is found to be about 2.0 cm. So, 
these two types of plumes are comparable. 
Figs 3.9 and 3.10 are the horizontal profiles of the vertical velocity (w), 
horizontal profiles of w for different distance below the plume front are plotted 
in the same figure. The horizontal profiles of w in the plume front region are in 
Fig 3.9, this figure and Fig 3.7 obviously show that at each side of the plume 
there is a vortex. These two vortices play important roles in plume-plume 
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Figure 3.7: Vector map of the instantaneous velocity field, the magnitude 
v V + is coded in both color and the size of the arrow in unit of cni/s (the 
following PIV color vector maps are all coded in the same way). t = 24.75 s’ 
power given to heater is 0.64 w. 
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interaction. While horizontal profiles of w in the stem region are plotted in 
Fig 3.10. The fits in (a), (b) and (c) of Fig 3.10 show that the vertical velocity 
distribution along the horizontal direction in the stem region obey Gaussian 
distribution. Fig 3.11 show that the plumes in the convection cell also have 
this characteristic property. 
The largest it; in a horizontal profile is located at the symmetrical axis of 
plume (Fig 3.9). From the position of the peak we determine the x coordinate 
of the symmetrical axis of the plume. Fig 3.12 is w along the symmetrical axis 
of the plume for different time (the power supply switch-on time is denoted as 
time t = 0), it shows the pushing process of the plume front directly. For each 
instantaneous velocity field, w along the symmetrical axis of the plume was 
extracted, the position at which w is maximum is defined as the plume front 
at that time. 
In shadowgraph we also defined plume-front, as indicated in Fig 3.1. From 
the movie obtained from the shadowgraph, the positions of the plume front 
at different time were obtained. Obviously the two definitions for plume front 
are consistent (Fig 3.13). 
After extracting w at plume-front for each instant velocity field, the plume-
front velocity evolution with time was obtained. Fig 3.14 is the plume-front 
velocity evolution with time. 
Kaminski [11] defined that there are four different ascent stages for a lam-
inar starting plume. As Fig 3.14 indicates, we could found only three stages. 
The first stage is the conductive growth of a thermal boundary layer around 
the heater. In the second stage, the plume-front velocity rapidly increases un-
til it reaches a terminal constant value. In the third stage, velocity remains 
constant. But here we did not found the velocity decreasing stage mentioned 
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Figure 3.9: For a instant velocity field as Fig 3.7, the horizontal profiles of 
vertical velocity near the plume front are plotted. The different symbols denote 
the profiles for different distance d below the plume front. The curves are to 
show the trend of w profiles. 
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Figure 3.10: (a) For a instant velocity field as Fig 3.7, the horizontal profiles of 
vertical velocity in the plume stem region are plotted. The different symbols 
denote the profiles for different distance d below the plume front. The curves 
are to show the trend of w profiles. Semi-log plot of each profile is given in 
(b)，(c) and (d). The fitted curves show good Gaussian distribution. 
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Figure 3.11: (a,)Instant velocity field at mid-plane of the cylindrical convection 
cell, t 二 bmin22sb since the switch-on of heater and cooler. Obviously there 
are four plumes there, (b) Semi-log plot of horizontal profiles of vertical ve-
locity at z 二 3.53 cm {w along the dashed line). The fitted curves show good 
Gaussian distribution. 
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Figure 3.12: Vertical profiles of vertical velocity for different time are plotted 
in one figure for comparison. The different symbols denote the profiles at 
different time. 
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Figure 3.13: Plume front position determined by shadowgraph and PIV mea-
surement. The time of plume birth is denoted as t = 0. Please note that the 
sampling rate (of position-time) of PIV is much larger than shadowgraph here. 
Because the shadowgraph of laminar plume in water is not available now, the 
data are taken from the laminar plume in dipropylene glycol. Since the plume 
velocity is very slow in this fluid, PIV result seems not good. Plotting this 
figure is just to confirm our result. The advantage of PIV is measuring the 
whole velocity as well as the vorticity field. 
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Figure 3.14: Plume-front velocity evolution with time. 
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Figure 3.15: Plume-front velocity against power input to the heater . 
by E. Kaminski due to the small view area of our C C D camera. 
Several groups [2,11] studied scaling law for the velocity and power of 
plume by doing shadowgraph. To verify our velocity result, the vertical com-
ponent (w) of the terminal velocity of plume with different power and the 
corresponding power is plotted in Fig 3.15. The slope is 0.48, very close to the 
theoretical value 0.5. 
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Onset of Large-scale circulation 
in turbulent thermal convection 
To study the transient behavior and the onset of the large-scale flow, two 
visualization techniques were used, one is shadowgraphy and the other is PIV. 
In shadowgraphy the flow along the dimension of the cell diameter is projected 
into a plane, while PIV measures the mid-plane velocity field of the cell. W e 
made the shadowgraph and PIV measurements separately (Lam Siu made 
shadowgraph for cylindrical cell [19]). Since the experiment is repeatable (Fig 
4.1), we can think that the shadowgraph and PIV were made simultaneously. 
In our experiments the recording of the shadowgraph images on the video tape 
recorder or PIV measurements were started simultaneously with the switch-on 
of the heater and cooler that are attached, respectively, to the bottom and 
top plates of the convection box with the fluid inside in a quiescent state. 
This moment is denoted as time t 二 0. The recording lasted for more than 
two hours at which time the convective motion has reached steady-state, thus 
enable us to capture the entire transient process which includes the generation 
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Figure 4.1: Top and Bottom plates temperature evolution, the solid line de-
notes the first run and the dashed line denotes the second run, Ra = 7.3 x 10® 
of the first plumes to the organized steady flow of the thermal plumes. When 
the fluid reaches steady-state convection, the Rayleigh and Prandtl numbers 
are Ra = 7.3 x 10® and Pr = 1150. 
The cell used here is a cylindrical glass one with diameter and height 19 cm, 
19.6 cm respectively. In PIV measurement the vertical light sheet is aligned 
that it enters the jacket at a right angle and goes through the cell along the 
diameter. The hollow glass particles (Glass-Bead Hollow 8 - 1 2 jum, density 
1.08 g/ml, TSI) were used because if polystyrene particle and dipropylene 
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Figure 4.2: Ra and Pr evolution, since the center temperature could not be 
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50 
Chapter 4. Onset of Large-scale circulation in turbulent thermal 
convection 
glycol are put together, there will be a chemical reaction. The PIV sampling 
rate is set to be 0.5 s/frame-the highest sampling rate for our system. 
At first, we make the cell horizontal, the time for the formation of obvious 
steady large scale circulation is rather long, about one and a half hours after 
the switch-on of cooler and heater. From the movies of our PIV result the 
large scale circulation plane may rotates slowly, but LSC will be confined in a 
plane at the end. 
To study the onset of the LSC, it is better to confine the LSC within a 
plane, we tilted the cell for about 1°, which is suitable [28], since the ascending 
plumes prefer the side the cell is tilt, the LSC emerges about 40 min after the 
switch-on of cooler and heater. 
Fig 4.4 shows velocity field measured in the first two stages of the transient 
process. The first four show the very first plumes appearing after the temper-
ature gradient is gradually increased across the convection cell. It can be seen 
clearly that at this stage, all (hot) plumes are moving up straight without any 
visible wavy-like motion. The last two of Fig 4.4 show examples for the second 
stage of the plume motion where we see the plumes start to have wavy-like 
motions, but still mostly upward going and there are definitely no horizon-
tal sweeping. The wavy-like motions of the plumes are presumably caused 
by instabilities due to the increasing temperature gradient imposed across the 
convection cell. At this stage, thermals also start to appear ((f) of Fig 4.4), 
they are seen as detachment from the boundary layers without a stem to feed 
heat continuously to them and can be roughly characterized as plumes without 
tails. Also to be noted in Fig 4.4 is that there are no downward moving cold 
plumes from the top plate. This implies that the temperature gradient across 
the cold boundary layer is not large enough to generate plumes as is the case 
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Figure 4.3: Shadowgraph images in the early stage of convection. The images 
in this and the next two shadowgraph figures are all 14 cm in length and 
13 cm in height. Upper panel: emerging laminar plumes at t= 3nim38s (a), 
3min58s (b) and 4min25s (c). Lower panel: plumes become unstable and 
wavy，t= llminl4s (d), llmin26s (e) and llmin41s (f). This and the next 2 
shadowgraph figures are all modified from L a m and Xia's result [29 . 
at the bottom plate, since the effect of ohmic heating is almost instantaneous 
compared to that of the refrigerated cooling. The shadowgraph result (Fig 4.3) 
also shows the same process. 
W e examine now the third stage of the transient process, which is shown in 
Fig 4.6 and Fig 4.5. The first two images of Fig 4.6 and Fig 4.5 show clearly that 
the ascending hot plumes and descending cold plumes are randomly distributed 
in space, i.e. they do not show any preferred path of travel. This situation 
will change soon by the coming down of more energetic cold plume. 
Apparently cold plumes triggered a 'wave' along the bottom plate and 
pushed the uprising hot plumes toward the left. It is this symmetry breaking 
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Chapter 4. Onset of Large-scale circulation in turbulent thermal 
convection 
that determines that the ensuing large-scale flow will have a counterclockwise 
rotation. Fig 4.7 and the last panel of Fig 4.6 show more clearly that the 
subsequent flows indeed all have hot plumes going up along the left side while 
the cold plume coming down along the right side, with (e) of Fig 4.7 showing 
that the flow starts to have counterclockwise rotation. The last figure of Fig 
4.7 shows the last stage, in which the flow evolved into a firmly established 
counterclockwise rotary motion of hot plumes rising along the lift sidewall and 
cold plumes falling along the right sidewall. 
L a m and Xia's shadowgraph shows that the finally established LSC is in 
clockwise direction (Fig 2.8), while the our PIV result shows the counterclock-
wise rotary motion. This indicates that these two motions are equally likely 
to occur. It should be noted that the above example of symmetry break-
ing caused by energetic cold plumes serves to illustrate the type of events that 
could trigger such a process. It therefore may not be the unique mechanism re-
sponsible for symmetry breaking. What is clear and more important, however, 
is that the initial horizontal motion of the fluid comes from the plumes them-
selves, and we can say that the LSC is simply another name for the organized 
motion of the thermal plumes. From the above we also see that the symmetry 
breaking and the onset of the LSC come about at a relatively early stage of 
the convection process, the counterclockwise large scale coherent rotary flow 
becomes steady about 50 minutes after the switch-on of the cooler and heater. 
In contrast, the steady state convection as measured by the stabilization of 
the temperatures of the top and bottom plates, is achieved only after 3 hours. 
Fig 4.7 also shows that as the motions of the thermal plumes become more 
and more organized, the transport of plumes across the cell is gradually be-
coming more concentrated along the periphery of the cell, i.e. hot plumes 
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Figure 4.6: The upper panel shows a cold plume (indicated by the ar-
rows) impinging on the bottom plate initiates the symmetry breaking process, 
t=27niin04s (a), 27minl3s (b) and 27min40s (c). The middle and lower panels 
show how the ensuing motions evolve into a coherent large-scale rotational 
flow. The times are t=29minl4s (d), 29min24s (e), 30min05s (f), 30rnin34s 
(g), 44min52s (h) and Ih27min28s (i). 
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Figure 47: Large scale circulation is emerging.The last one is tke steady state 
flow structure. The times for the image are: (a) t 二 45min37s&, (b) t 二 
45min45s, (c) t = 45miii5Qs, (d) t = 46mm2s5 (e) t = 47iniii45s, (f) t = 
123min35s. 
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Figure 4.8: Plumes motions in the steady state of turbulent convection: a few 
plumes occasionally pass through the cell center while most participate the 
coherent circulation along the cells periphery. The times are t= 2h04miii06s 
(a), 2h4min25s (b) and 2h06min08s (c). 
mainly rising along one sidewall and cold plumes mainly falling along another, 
which also means that there is little heat transport through the central bulk of 
the cell as confirmed in a recent local heat flux measurement by Shang, Qiu, 
Tong and Xia [30]. This is true for the majority of plumes, but occasionally 
some plumes (which are likely to be the more energetic ones) will escape the 
circus of the coherent rotation and travel through the center region even when 
the convective state has become fully steady (Fig 4.8). Because these plumes 
will produce large spikes in the temperature signal if a probe is placed at the 
cell center and because they can be regarded as rare events, they will give rise 
to exponential tails in the temperature PDF, as was first observed by Heslot, 
Castaing k Libchaber [31 . 
W e have carried out PIV measurement on the onset of the large-scale coher-
ent flow in Rayleigh-Benard turbulent convection, using a high Prandtl liquid 
as the convecting fluid. The study shows how the fluid's motion evolves from 
quiescent state to steady state as a temperature difference is imposed across 
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convection 
the convection cell. W e find that the whole transient process can be divided 
into four stages. The first one is the generation of laminar plumes that move 
in a simple vertical fashion. The second one sees the motion of plumes evolve 
from straight vertical ones to wavy but still vertical ones. The third stage is 
where the symmetry breaking occurs and the plumes' motion start to have 
visible horizontal component. It is found that in this stage the randomly dis-
tributed upward going hot plumes and downward going cold plumes changed 
into a counterclockwise rotation, which is triggered by the impingement of en-
ergetic cold plumes on the bottom plate. The final stage sees the formation of 
the rotational large-scale coherent flow. This study clearly demonstrates that 
it is the thermal plumes that initiated the horizontal large-scale flow across 
the top and bottom conducting plates, rather than the “shear flow" sweep and 
carry the plumes horizontally in the first place. This study also shows that the 
so-called large-scale circulation is just organized motion of thermal plumes. 
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Convection in Rectangular cell 
In fact, the initial motivation of the PIV measurement here is to investigate 
plume-plume interaction in soft turbulence range(i?a could be less than 5 x lO? 
for the small rectangular cell). Since we have investigated some velocity prop-
erties of laminar plume, it is reasonable to study the plume-plume interaction 
in convection cell. According to Tong's paper [32], there is no plume-plume 
interaction in convection cell for soft turbulence range. However, separate 
ascending and descending plumes were not observed. 
Similarly, we made the shadowgraph and PIV measurement with rectangu-
lar cells (the cell dimension is mentioned in chapter 2), using deionized water 
as the working fluid. In PIV measurement the vertical light sheet illuminate 
the middle plane of the cell through the narrow face of the cell(the r = 2 cell 
is 12 cm, 6 cm and 3 cm in length, height and width; the r = 1 cell is 12 cm, 
12 cm and 3 cm in length, height and width). The particle used is Polysteren 
particle with dimameter and density 11.9 fim, 1.05 g/ml . 
From the shadowgraph and PIV study of the transient of the convection in 
rectangular cell, the horizontal motion of plumes are obviously observed at the 
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Figure 5.1: Top and Bottom plates temperature evolution, the solid line de-
notes the first run and the dashed line denotes the second run, Ra = 7 x 10®. 
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Figure 5.2: Coarse-grained vector maps of the mean velocity field of aspect 
ration 2 rectangular cell, Ra = 4.4 x lO?, 
very first after the switch-on of heater and cooler. This may due to the lower 
viscosity of water. Obviously further PIV study with faster sampling rate is 
required to determine whether the phunes have horizontal motion in the early 
stage. 
To our surprise, we found that there are different modes of the flow pattern 
for the convection in rectangular cell. Wlien the Ra is low (2.6 x 10®), there are 
foiir vortices in the cell while when Ra is increased to 7 x 10® and 1 x 10^, only 
one vortex exists that expands to the M l height of the cell. PIV measurements 
for various Ra from soft turbulence range to hard turbulence range are required 
to study the transition of the flow pattern. 
As all the flow patterns indicate, the energetic part of the flow are concen-
trated near the upper and lower plates in our rectangular cells (Fig 5.2, Fig 
5.3, Fig 5.4, Fig 5.5). While Xia et al [33] and Qui et al [15] found that the 
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most energetic flow is near the sidewalls in the same aspect ratio but higher 
cell {height = 25 cm and 80 cm). In Qiu et al's paper, velocity field in aspect 
ratio unity and aspect ratio half cylindrical cell were measured, the results 
show that for unity aspect ratio cell, the more energetic part concentrated 
near the sidewalls while in the aspect ratio half cell the more energetic part is 
concentrated near the two plates. Their explanation is that the plumes will be 
accelerated for longer time along the sidewall than along the plates in r = 1 
cell. This explanation may not work for our F 二 1 rectangular cell. For a 
single plume we mentioned in chapter 3, it experiences generation, accelera-
tion, steadily going up and dissipation (Fig 5.6 and Fig 5.7). The plume with 
power given 0.37 W travels about 3.3 cm from the heater when it gets the 
terminal velocity, while the plume with power 2.61 W travels 6.8 cm when 
it get the terminal velocity. These two figures show that plumes with more 
power travels longer when they get the terminal velocity. In our rectangular 
cell, the height are 6 cm and 12 cm, the plumes produced from the boundary 
layer (more energetic) will not reach their terminal velocity until they reach 
the upper or lower plates. This may interpret the difference between our result 
and the result obtained by Xia et al [33 . 
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Rectangular Cell Ra = 2.6x 10^ 
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Figure 5.3: Coarse-grained vector maps of the mean velocity field of aspect 
ratio 1 rectangular cell, Ra 二 2.6 x 10® ‘ 
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ratio 1 rectangular cell, Ra : 7 x 10^. 
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Figure 5.5: Coarse-grained vector maps of the mean velocity field of aspect 
ratio 1 rectangular cell, Ra : 1.0 x 10^. 
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Figure 5.6: Plume front position and velocity evolution with time, heating 
power is 0.37 W. 
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In this thesis we investigate two of the most important coherent structures 
in turbulent thermal convection. One is the plume and the other is the large 
scale circulation(LSC). 
About the plume we investigate the properties of laminar plume in qui-
escent environment. W e find that the "plume area" is a good quantity to 
describe a laminar plume, which is proportional to the power given to the 
heater. "Plume area" is found to decrease exponentially as the plume ascend-
ing. Velocity field of laminar plume is measured using PIV technique. The 
measurement lasts from the generation to the constant ascending of the plume. 
It is the first measurement of the whole velocity field quantitively. W e study 
the horizontal profiles of vertical velocity (if；), find that the distribution of w 
along the horizontal direction in the stem region obey Gaussian distribution. 
Then we study the role the plumes play in cylindrical convection cell with a 
high Prandtl number fluid—dipropylene glycol. The reason for us to select this 
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fluid is that its larger viscosity could slow down the process from ascending 
vertical plumes to large scale circulation. W e find that it is plume that forms 
the LSC, that is to say the so-called large-scale circulation is just organized 
motion of thermal plumes. W e find that the whole transient process can be 
divided into four stages. The first one is the generation of laminar plumes 
that move in a simple vertical fashion. The second one sees the motion of 
plumes evolve from straight vertical ones to wavy but still vertical ones. The 
third stage is where the symmetry breaking occurs and the plumes' motion 
start to have visible horizontal component. It is found that in this stage 
the randomly distributed upward going hot plumes and downward going cold 
plumes changed into a counterclockwise rotation, which is triggered by the 
impingement of energetic cold plumes on the bottom plate. The final stage 
sees the formation of the rotational large-scale coherent flow. 
To investigate the onset of LSC in rectangular cell, similarly to the cylin-
drical one, shadowgraph and PIV are made. The horizontal motion of plumes 
are obviously observed at the very first after the switch-on of heater and cooler. 
This may due to the lower viscosity of water. PIV study of steady state shows 
there are different mode of the flow pattern for the convection in rectangular 
cell W h e n the Ra is low (2.6 x 10^), there are four vortices in the cell while 
when Ra is increased to 7 x 10^ and 1 x 10^ only one vortex expands to the 
full height of the cell. PIV measurements for various Ra from soft turbulence 
range to hard turbulence range are required to study the transition of the flow 
pattern. To our surprise the energetic part of the flow are concentrated near 
the upper and lower plates for our rectangular cells not near the sidewall as 
Xia et al [33] and Qiu et al [15] reported. W e interpret this with that plumes 
with more power travels longer when they get the terminal velocity. 
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The study of the plume and LSC in turbulent convection is surely important 
for its practical implications in geophysical and industrial problems, and it has 
thus became an important subject of experimental studies recently. In this 
thesis we have surely , only studied a little facet of the whole subject and 
many problems are remain, such as the plume-plume interaction in quiescent 
and convective environment, the flow pattern in different aspect shape and 
aspect ratio. 
6.2 Perspective for further investigation 
As mentioned above several problems about plumes and LSC are still open 
for investigation. The results obtained in this thesis are just the preliminary 
work for further study of these problems such as: how the plumes interaction 
in quiescent and in convective environment. Does the flow pattern change for 
a same aspect ratio while different dimension? W e will use PIV technique to 
investigate these problems in the future. 
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